Cerebellar granule neurons isolated from postnatal day 7 (P7) rats and grown in normal K ϩ medium begin to degenerate at approximately 4 d in vitro (DIV) and die. To search for genes upregulated in the process of neuronal cell death, differential hybridization was performed with subtracted cDNA probes and a cDNA library from 5 DIV. One of the genes isolated was microglial response factor-1 (mrf-1), which encoded a sequence of 177 amino acids with a single EF-hand calciumbinding motif. By Northern blots, the transcript was upregulated in cerebellar culture at 4 DIV, peaked at 6 DIV, and decreased at 7 DIV. Upregulation was also found when the apoptosis of granule cells was induced by replacing high K ϩ medium with normal K ϩ medium. However, when non-neuronal cells were thoroughly eliminated with aphidicolin, an antimitotic agent, the upregulation at 4-7 DIV did not occur. By immunocytochemistry, MRF-1 was detected at 5 DIV in OX-42-positive cells (microglia), and it exhibited an increase in response to granule cell death. MRF-1 levels in microglia purified from cerebral cortex also upregulated in the presence of 5 DIV granule cells. In the developing cerebellum in vivo, levels of mrf-1 mRNA transiently increased in the early postnatal stages, reaching a peak at P7 when cerebellar neurons and astrocytes undergo extensive apoptosis. In adult brain sections, MRF-1 was detected in the perikarya and processes of ramified/resting microglia, and peripheral motor nerve dissection prominently increased the expression in activated microglia surrounding injured central motoneurons. Therefore, mrf-1 appears to be one of the microglial genes that respond to neuronal cell death and degeneration.
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Microglia / brain macrophages are involved in brain f unction under both normal and pathological conditions (Dickson et al., 1993; McGeer et al., 1993) . In the adult brain, resident ramified/resting microglia are activated to become rod-shaped or ameboid types in response to injury, infection, and inflammation of the nervous system. Activated microglia proliferate, engulfing degenerating elements (Giulian et al., 1989; Stoll et al., 1989) , while secreting cytotoxic agents that induce neuronal death and demyelination (Thery et al., 1991; Giulian et al., 1994) .
In the development of the mammalian nervous system, supernumerary neurons typically die around the time of their functional contact with targets via apoptosis (Oppenheim, 1991; Johnson and Deckwerth, 1993; Henderson, 1996) . This is referred to as programmed cell death (PCD) in neurons. Apoptosis is characterized morphologically (Kerr and Harmon, 1991; Jacobson et al., 1997) by cell shrinkage and chromatin condensation, followed by cytoplasmic condensation. The degenerated cytoplasmic organelles become compartmentalized into a membrane-bound apoptotic body. Microglia are capable of recognizing these degenerated neurons and clearing them out through their phagocytic activity. The genes involved in these activities, however, have not been adequately characterized.
PCD in the development of Caenorhabditis elegans is subject to strict genetic regulation (Ellis et al., 1991) : seven genes, including ced-7, are defined as genes that relate to the engulfment of dead cells. Luciani and Chimini (1996) have reported that the ATP binding cassette 1 transporter (ABC1) is expressed in macrophages localized in areas that contain cells undergoing developmental PCD in mice. Moreover, they have shown that ABC1 is required for the engulfment of dead cells and may possibly be a mammalian homolog to ced-7. These results suggest that engulfment is also genetically controlled in PCD, occurring as a natural part of mammalian development.
It is known that cultured cerebella granule neurons are a good model system for studying neuronal apoptosis. If granule neurons dissociated from postnatal day 7-8 (P7-8) rats are incubated under a high K ϩ (25-30 mM) concentration, which induces depolarization, the neurons grow to their differentiated state at approximately 10 d in vitro (DIV). When the K ϩ concentration of the culture medium is shifted to normal (5.4 mM), the cultured granule neurons undergo apoptotic cell death (D'Mello et al., 1993; Miller and Johnson, 1996; Armstrong et al., 1997) . In addition, granule neurons grown in vitro under normal K ϩ conditions mimic the in vivo situation (Gallo et al., 1987; Balazs et al., 1988; Koike, 1991) : granule neurons undergo the initial differentiation steps and then begin to degenerate at approximately 4 DIV and die progressively via an apoptotic cascade by 8 DIV. This neuronal death is an active process requiring RNA and protein synthesis . We have searched for genes that are upregulated in the process of cell death by differential hybridization and have found a new microglial gene, microglial response factor-1 (mrf-1). An extensive Northern blot analysis and immunocytochemical and immunohistochemical analyses using anti-MRF-1 antibody were performed, with the results indicating that the MRF-1 protein is localized in the microglia and upregulated in response to neuronal cell death or degeneration.
These results have been published previously in abstract form (Tanaka et al., 1997) .
MATERIALS AND METHODS
Cell culture. A cerebellar cell culture was prepared from the cerebella of P7 rats (Sprague Dawley), as described previously . In brief, dissected cerebella were minced, treated with Dispase (250 U/ml; Godo Shusei Co., L td., Tokyo, Japan) at 37°C for 30 min, and then triturated in a C a 2ϩ -free Krebs'-Ringer's bicarbonate buffer. The dissociated cells were collected by centrif ugation and resuspended in Eagle's M EM (Life Technologies, Grand Island, N Y) containing 10% heat-inactivated fetal calf serum (FC S; J.R.H. Biosciences, Lenexa, K S), 50 U/ml penicillin, and 50 g /ml streptomycin (Sigma, St. L ouis, MO). The cells were plated on poly-L-lysine (Sigma)-coated 60 mm dishes (1 ϫ 10 7 cells/dish), 35 mm dishes (0.3 ϫ 10 7 cells/dish), or 13.5 mm plastic sheets (5 ϫ 10 5 cells/sheet) (C elldesk L F1; Sumitomo Bakelite Inc., Tokyo, Japan) for RNA isolation, sandwich culture, or immunocytochemistry, respectively. The plated cells were cultured at 36°C in a humidified atmosphere of 5% C O 2 /95% air, and the medium was changed only once at 3 DIV. To minimize proliferation of non-neuronal cells, neurons were treated with 50 M fluorodeoxyuridine (FudR) for 1 d at 2 DIV, and then maintained in a 10% FC S M EM containing 10 M FudR (standard culture) . Alternatively, to thoroughly eliminate the contamination of non-neuronal cells, cerebellar cells were incubated in the presence of 10 M aphidicolin from 2 DIV (Miller and Johnson, 1996) . Unless noted otherwise, cerebellar cells were grown in the standard culture. For a long-time culture (ϳ10 d) of granule neurons, a high concentration of potassium (at final 30 mM) was added to the culture medium at 2 DIV. The contamination of Vimentinpositive (or GFAP-positive) cells in the 7 DIV culture maintained with a high potassium medium for 5 d was 8.9 Ϯ 0.8 (2.0 Ϯ 0.2)% or 3.3 Ϯ 0.2 (0.6 Ϯ 0.1)% for the standard culture or the culture in the presence of aphidicolin, respectively. When ϳ60% of the granule neurons died in 7 DIV standard culture with a normal potassium medium, the rate of Vimentin-positive cells among surviving granule neurons was ϳ20%.
Microglia were isolated and purified according to the method of Suzumura et al. (1984) , with some modifications. The cerebral cortices were dissected from neonatal rat pups. Special care was taken to remove all meninges and blood vessels during dissection to minimize contamination by blood monocytes and macrophages. The dissected cortices were dissociated with 250 U/ml Dispase for 60 min at 37°C and then triturated. The dissociated cells were collected by centrif ugation and resuspended in DM EM nutrient mixture F-12 Ham (Sigma) containing 10% heat-inactivated FC S and penicillin /streptomycin. The cells were plated on a flask and cultured until confluency (ϳ8 -10 d). Microglia were collected by shaking (60 rpm for 1.5 min) and centrif ugation, and then they were replated on 35 mm dishes or plastic sheets ( 13.5 mm, C elldesk L F1). For sandwich culture, both purified cortical microglia and cerebellar cells were separately prepared on plastic sheets and dishes, respectively. The plastic sheets on which microglia were cultured were turned upside down and laid over 3 or 5 DIV cerebellar cells in plastic dishes. They were then co-incubated for 12 hr with the two cell populations in contact with each other. Conditioned medium was obtained from the culturing medium of 5 DIV cerebral cells. After filtration (0.2 m pore size), the medium was added directly to purified microglial culture. For an immunocytochemical assay, the replated purified microglia were cultured for Ͼ2 d before use in the experiments. Identification of the microglia was performed by an immunocytochemical method using the marker OX-42 (mouse monoclonal antibody; BM A, Tavistock Square, L ondon, UK) (Robinson et al., 1986) . The microglia constituted Ͼ95% of all cells on the culture plate after replating.
E xtraction and purification of R NA. C ells were washed with a C a 2ϩ -free, Mg 2ϩ -free PBS, pH 7.2, and solubilized with 4 M guanidinium thiocyanate, pH 7.0, containing 25 mM sodium citrate, 0.5% sarkosyl, and 0.1 M 2-mercaptoethanol (Chomczynski and Sacchi, 1987) . The total RNA fraction was extracted from one or two 60 mm dishes (1 ϫ 10 7 cells per dish at plating) for cerebellar cell culture or 1 ϫ 10 5 cells for microglia culture, and precipitated by isopropanol. After centrif ugation for 15 min, the pellet was washed with 70% ethanol and dried with flowing air. Poly(A ϩ ) RNA was purified by oligo(dT)-cellulose affinity column chromatography (Pharmacia Biotech, Piscataway, NJ).
Differential hybridization and isolation of a partial cDNA f ragment of the mrf-1 clone. Poly(A ϩ ) RNA was isolated from both 3 DIV and 5 DIV cells of the original cerebellar cell culture, in which granule neurons were surviving and degenerating, respectively . To construct each of the cDNA libraries, the cDNAs were synthesized using a TimeSaver cDNA Synthesis K it (Pharmacia), and EcoRI /NotI adaptorligated double-strand cDNAs were ligated into a gt11 vector followed by in vitro packaging using Gigapack II Gold (Stratagene, La Jolla, CA). Differential hybridization was performed using a subtracted cDNA probe to screen a cDNA library from 5 DIV mRNA, as described (Sambrook et al., 1989) . In brief, we isolated mRNA from 5 DIV cells (degenerating cells) and generated 32 P-labeled cDNA from it by reverse transcription with random hexamer as a primer. After hydrolysis of RNA with alkali, the labeled cDNA was hybridized with ϳ50-fold excess of mRNA isolated from 3 DIV cells (healthy cells), and then unhybridized labeled cDNA was purified as a probe with a hydroxyapatite column. These steps for the construction of subtracted cDNA probe were repeated twice. Approximately 5000 plaques of the cDNA library of 5 DIV cells were screened with the subtracted probe. C lones that expressed messages only in the culture containing degenerating-granule neurons were subcloned into pUC18 plasmid vectors with the SureC lone Ligation K it. The nucleotide sequence of the 3Ј-partial cDNA clone of mrf-1 (421 bp) was determined using a DNA sequencing system with dye primer cycle sequencing (model 373A; Applied Biosystems, Foster C ity, CA).
Cloning of mrf-1 cDNA. Based on a 3Ј-partial mrf-1 cDNA fragment, the mrf-1 cDNA clones were isolated by the rapid amplification of cDNA ends (R ACE) (Frohman, 1993) using the Marathon cDNA Amplification K it (C lontech, Palo Alto, CA). The R ACE cDNA library was constructed from the total RNA of the 5 DIV cerebellar cell culture. The R ACE reaction products were subjected to a 6% PAGE, and specific products were excised, which was followed by subcloning to pUC18. A nucleotide sequence analysis was performed as described above. Sequence searches of the nucleotides and the predicted amino acids of the GenBank database were performed using fasta software (DDBJ, Mishima, Sizuoka, Japan), and motif searches were generated using GEN ETYX-M AC software (Ver. 8; Software Development Co. L td., Shibuya, Tokyo, Japan).
Northern blot. Equal amounts of total RNA (10 -20 g) or poly(A ϩ ) RNA (3 g) were loaded per lane onto formaldehyde denaturing gel (1% agarose) and separated by electrophoresis. The RNAs were transferred to a nylon membrane (Hybond-Nϩ; Amersham, Arlington Heights, IL). Hybridization was performed as described previously . The cDNA probes were labeled with 32 P-dC TP to a specific activity of 1-1.5 ϫ 10 6 dpm /ng by the random priming method using the Ready-To-Go DNA Labeling K it (Pharmacia). The mrf-1 or G3PDH probe was prepared from a cloned-3Ј partial cDNA fragment (421 bp, as described above), or a PCR product subcloned into pUC18 (983 bp) , respectively. The washed membranes were visualized, and the amount of radioactivity of specific transcripts was measured using a Bio-imaging Analyzer (BAS2000; Fuji Photo Film Corp., Tokyo, Japan).
In situ hybridization. Under deep pentobarbital anesthesia, adult rat brains were freshly obtained 5 d after axotomy of the right hypoglossal nerve. Fresh frozen sections through the hypoglossal nuclei were prepared in the coronal plane by cryostat (20 m in thickness). As specific probes for mrf-1 mRNA, two nonoverlapping antisense oligonucleotides were synthesized with sequences complementary to the mrf-1 nucleotide residues at 85-129 and 439 -483. Oligonucleotides were radiolabeled with 35 S-dATP using terminal deoxynucleotidyl transferase (Life Technologies). Fixation, prehybridization, and hybridization of sections were performed as described previously (Watanabe et al., 1993) . Briefly, hybridization occurred overnight at 42°C in hybridization buffer containing 50% formamide, 50 mM Tris-HC l, pH 8.0, 1ϫ Denhardt's solution, 0.6 M NaC l, 0.025% SDS, 200 g /ml tRNA, 1 mM EDTA, 10% dextran sulfate, 0.1 M dithiothreitol, and 10,000 dpm /l radiolabeled probe. After washing with 0.1ϫ SSC containing 0.1% sarkosyl at 55°C, sections were dipped in nuclear track emulsion (N TB-2, Kodak) and exposed for 2 months. After development, sections were photographed by dark-field and bright-field microscopy.
Protein e xpression studies and Western blot. Full-length recombinant MRF-1 was expressed as glutathione S-transferase (GST) f usion proteins, using a pGEX-4T-2 plasmid vector (Pharmacia) and Escherichia coli BL21. The f usion proteins were purified with glutathione Sepharose 4B, according to the manufacturer's instruction (Pharmacia). After thrombin digestion, the MRF-1 polypeptide was separated from GST by reversed-phase HPLC. The purified polypeptides (100 -300 g) were emulsified with Freund's complete adjuvant (Difco, Detroit, M I), and were injected subcutaneously into female New Z ealand White rabbits at intervals of 2 weeks. From antisera sampled 2 weeks after the sixth injection, immunoglobulins were separated using Protein G-Sepharose (Pharmacia). Antibodies specific to the MRF-1 were then affinitypurified using f usion proteins coupled to C N Br-activated Sepharose 4B (Pharmacia). Tissues or cultured cells were homogenized in a 1ϫ SDS sample buffer. Protein extracts (50 g) were separated on 15% SDSpolyacrylamide gels and then transferred to a poly vinylidene difluoride membrane (PV DF) (Mirripore, Bedford, M A). Immunostaining was performed with an enhanced chemoluminescence detection kit (ECL; Amersham) according to the manufacturer's directions, with a 1 g /ml concentration of the primary antiserum.
Immunoc ytochemical anal ysis. Cultured cells on plastic sheets were fixed with 4% paraformaldehyde (PFA)/0.12 M Na ϩ -phosphate buffer, pH 7.2. After being washed free of the fixative, the cells were preincubated with PBS containing 10% horse serum for 1 hr. The cells were then incubated with anti-MRF-1 antibody (0.5 g /ml) or OX-42 (mouse IgG, 1:300 dilution) for 1 hr at room temperature. Detection of the primary antiserum was performed using biotinylated IgG according to the procedure provided by the manufacturer (Histofine kit; Nichirei, Tokyo, Japan). Staining was made visible by horseradish peroxidase-conjugated streptavidin and aminoethercarbazol (AEC) reaction product (Zymed, South San Francisco, CA). Finally, the cells were exposed to counterstaining with Mayer's hematoxylin solution. The numbers of AECstained cells were counted at three to four randomly selected, nonoverlapping areas ( 2.5 mm circle, 5.0 mm 2 ). The number of OX-42-positive cells per area was ϳ200 for the cerebellar cell culture at 7 DIV. When both anti-MRF-1 antibody and OX-42 were used for the same sample, the former antibodies were detected with horseradish peroxidase-conjugated anti-rabbit IgG (1:200 dilution) and visualized with AEC reaction product. The latter primary antibodies were detected with biotinylated antimouse IgG (Nichirei) and then visualized with both alkaline phosphatase-conjugated streptavidin (Zymed) and the newf uchsine substrate kit (Nichirei).
Immunohistochemical anal ysis. Under deep pentobarbital anesthesia, adult rats were perf used transcardially with 4% PFA in a 0.1 M sodium phosphate buffer, pH 7.2. Fixed brains were sectioned by microslicer (50 m in thickness) or embedded in paraffin wax to prepare paraffin sections (5 m). After they were blocked with 3% normal goat serum, sections were incubated overnight at room temperature with anti-MRF-1 antibody at 0.5 g /ml for immunofluorescence or at 0.1 g /ml for immunoperoxidase. For immunofluorescence, sections were then incubated with FI TC -labeled anti-rabbit IgG for 2 hr (1:100, Jackson ImmunoResearch, West Grove, PA) and photographed with a confocal laser scanning microscope (MRC 1024, Bio-Rad, Hercules, CA). For immunoperoxidase, sections were processed by the ABC method, using a Histofine kit, and photographed with a bright-field microscope (AX-80, Olympus, Japan).
Phagoc ytotic activit y. The cells were incubated in a medium containing 10 g /ml fluorescein-conjugated particles [Zymosan A (Saccharomyces cerevisiae) BioParticle; Molecular Probes, Eugene, OR] for 12 hr, washed with PBS, and then fixed with 4% PFA for immunocytochemical analysis.
RESULTS

Isolation and characterization of mrf-1 cDNA clone
In cerebellar cell culture with normal (5.4 mM) K ϩ medium, granule neurons begin to degenerate around 4 DIV, and most of the neurons die by 8 DIV (Gallo et al., 1987; Balazs et al., 1988; Koike, 1991; Suzuki and Koike, 1997) . This in vitro cell death shares major features with that of developing sympathetic and sensory neurons undergoing apoptosis after NGF deprivation: it requires protein and RNA synthesis ; chronic depolarization with a high concentration of K ϩ prevents neuronal death via C a 2ϩ influx through L -type C a 2ϩ channels (Gallo et al., 1987) ; and BDNF prevents neuronal death . To investigate the specific genes that are regulated during neuronal cell death, mRNAs from both 3 and 5 DIV [ϳ70% survival of granule neurons ] cells of the cerebellar cell culture were isolated and analyzed by differential hybridization. We isolated five upregulated genes that were specifically induced in 5 DIV cells. The 3Ј-partial mrf-1 cDNA fragment, one of the five genes, was subcloned and sequenced. This subcloned fragment has 421 bp and contains a poly(A ϩ ) tail. On the basis of information from this partial sequence, we designed specific primer sets and performed a RACE reaction to isolate full-length clones of mrf-1. The fulllength cDNA (Fig. 1) was 665 bp long and contained a 116 bp 5Ј-untranslated region, an entire open-reading frame of 441 bp encoding 117 amino acid residues, and a 108 bp 3Ј-untranslated region including a polyadenylation signal 20 bp upstream from the poly(A ϩ ) tail. Database searches revealed a homology with three different genes. Figure 2 shows the homology of the alignment of the MRF-1 amino acid sequence and others: allograft inflammatory factor-1 [AIF-1; Utans et al. (1995) ], ionized calcium binding adapter molecule-1 (Iba-1; Imai et al., 1996) , and balloon angioplasty responsive transcript-1 [BART-1; Autieri et al. (1996) ] have a 100, 94.1, or 54.1% similarity to the MRF-1 sequence, respectively. There is a difference in the nucleotide sequences between mrf-1 and AIF-1 cDNA; mrf-1 mRNA is 46 bp longer than AIF-1 in the 5Ј upstream region. Moreover, MRF-1 has one EF-hand-like motif that is characteristic of an evolutionary family of calcium-binding proteins (Strynadka and James, 1989) , and this domain is completely conserved within all four transcripts mentioned above. These transcripts may consist of a protein subfamily having a single EF-hand motif, because these region are also homologous with calmodulin (Heinzmann and Hunziker, 1991) .
Upregulation of mrf-1 during PCD of cultured granule neurons
To study the expression pattern of an mrf-1 gene during the PCD of granule neurons in cerebellar cell culture, we examined the relative transcript levels as a function of incubation time by Northern blot analysis. The mrf-1 mRNA was detected at ϳ0.7 kilobase pair (kbp) in Northern blots, which is consistent with the expected length of the full-length mrf-1 cDNA. As shown in Figure 3A , in the cerebellar culture containing a normal concentration of K ϩ , the transcript level was upregulated at 4 DIV, at which point the granule neurons began to degenerate, and had a peak at 6 DIV, followed by a decrease at 7 DIV, at which time many granule neurons died and were left on the surface of the dishes. It is known that granule neurons maintained in a medium that contains a high concentration of K ϩ will undergo apoptosis when the high K ϩ medium is replaced with a normal K ϩ medium (D'Mello et al., 1993; Yan et al., 1994; Miller and Johnson, 1996) . Upregulation of mrf-1 mRNA was also detected in this "low" K ϩ -induced apoptosis of granule neurons (Fig. 3B) . These results indicate that the expression of the mrf-1 gene is upregulated in response to the neuronal death of granule neurons.
Immunocytochemical localization of the MRF-1 antigen in the cerebellar cell culture
To assess which cell type in the cerebellar cell culture synthesizes the MRF-1, a recombinant MRF-1 protein was prepared and immunized to a rabbit. The purified antiserum was analyzed by Western blot. A single band of ϳ17 kDa was detected with anti-MRF-1 antibody in extracts from cerebellar cell cultures, an infant whole brain, and an adult rat spleen (Fig. 4) . Spleen tissues have many monocytes or macrophages. This Western blot shows that the MRF-1 level increased in response to granule cell death. The anti-MRF-1 antibody was used for the immunostaining of cultured cerebellar cells. When cells of a 5 DIV cerebellar cell culture were immunostained with this rabbit anti-MRF-1 antibody, partial cytoplasmic areas of nonneuronal cells, which are morphologically characteristic of ameboid microglia, were detected. The cells were then immunostained with both anti-MRF-1 antibody and OX-42 (Robinson et al., 1986) , as a marker for microglia (Fig. 5A) ; MRF-1 positive cells were overlapped with a population of OX-42 positive cells. MRF-1 was not detected in all microglia, as shown in Figure 5Da , indicating that the mrf-1 mRNA was expressed in a subpopulation of microglia but not granule neurons. To examine whether the PCD of granule neurons influences the immunoreactivity of MRF-1 in microglia, sets of sister cerebellar cells were fixed at 3, 5, 7, and 9 DIV and immunostained with anti-MRF-1 antibody or OX-42. The photographs of the 3 and 5 DIV cells treated with anti-MRF-1 antibody are shown in Figure 5B . The number of MRF-1-positive cells increased and peaked on the 7 DIV cell; the cell number relative to that of the 3 DIV cell was ϳ4, 6, and 4 on the 5, 7, and 9 DIV cells, respectively. Because the number of OX-42-positive cells increased slightly during the incubation from 3 to 7 DIV (ϳ1.4-fold) (Table 1) , the ratio of MRF-1-positive cells to the OX-42-positive cells became 0.2, 0.5, 0.8, and 0.5 on the 3, 5, 7, and 9 DIV cells, respectively. The increase in number of MRF-1-positive cells from 3 to 7 DIV is summarized in Table 1 . As shown in Figure 5B , the immunoreactivity of MRF-1-positive cells also increased dramatically from the 3 DIV to the 5 DIV cells. The upregulation of MRF-1 in response to neuronal death was f urther confirmed by the following sandwich culture (Fig. 5C ). Both purified cortical microglia and cerebellar cells (3 or 5 DIV) were prepared separately and then co-incubated for 12 hr with the two cell populations in contact with each other. After fixation, the cortical microglia were immunostained with anti-MRF-1 antibody. Upregulation of MRF-1 was observed when the sandwich culture of cortical microglia was performed with 5 DIV but not 3 DIV cerebellar granule neurons (Fig. 5Cb,c) . This indicates that degenerated granule neurons stimulate the synthesis of MRF-1 in microglia, although morphological alterations do not occur under these conditions. Moreover, induction of MRF-1 did not occur when cortical microglia were incubated with a conditioned medium of 5 DIV cerebellar cells for 12 hr (Fig.  5Cd) . Similar data were obtained from the culture cells of purified cerebellar microglia (data not shown). These data indicate that mrf-1 transcripts in microglia are upregulated in response to the PCD of granule neurons and that this induction may require cell-to-cell contact between the microglia and the degenerated granule neurons or secreted signals that lose their activity because of the extreme diff usion.
Microglial upregulation of mrf-1 mRNA under conditions inhibiting the proliferation of microglia
Microglia proliferated to a slight extent under our standard culture where FudR was supplemented as an antimitotic agent; contamination of OX-42-positive microglia was ϳ5% of the number of granule neurons surviving at 7 DIV. To exclude the possibility that this mrf-1 upregulation was simply caused by the proliferation of microglia, we examined the mrf-1 mRNA level in the presence of a DNA polymerase inhibitor aphidicolin (Miller and Johnson, 1996) . When cerebellar cells were cultured for 6 d under high K ϩ condition in the presence of aphidicolin (10 M), contamination of Vimentin-positive non-neuronal cells was reduced to 3.3 Ϯ 0.2%. Aphidicolin completely inhibited the incorporation of bromodeoxyuridine to microglia, and the contamination of OX-42-positive microglia in the presence of aphidicolin was reduced to one-fifth (37.3 Ϯ 2.1 cells/5 mm 2 ) of the standard culture at 7 DIV in normal K ϩ medium. This number of OX-42-positive cells was Ͻ1% of the surviving granule neurons. Northern blot shows that the mrf-1 mRNA was undetectable at 4 DIV cerebellar culture, when granule neurons normally begin to degenerate (Fig. 6) , and had not upregulated at 5-7 DIV in the presence of aphidicolin. However, when purified microglia were added to the 3 DIV cerebellar culture and incubated for 18 hr in the presence of aphidicolin, mrf-1 mRNA was upregulated (Fig.  6) . These results indicate that the microglial upregulation of mrf-1 in response to neuronal cell death is independent of the proliferation of microglia.
The relationship between MRF-1 induction and the phagocytic activity of microglia
To determine whether the phagocytic activity of microglia is associated with MRF-1 induction, we exposed cultured cerebellar cells (5 DIV) to fluorescein-conjugated beads, Zymosan A, for 12 hr. After fixation, the cells were immunostained with anti-MRF-1 antibody. As shown in Figure 5D , not all microglia cells labeled with beads were MRF-1-positive cells. Moreover, when purified cortical microglia were exposed to the fluorescein-conjugated beads, the level of MRF-1 protein was unaltered in the microglia engulfing the beads (data not shown). These data indicate that the induction of MRF-1 may not be associated with the phagocytic activity of microglia.
Transient increase in the mrf-1 message in the postnatal development of the cerebellum
To explore the expression level of mrf-1 in vivo, its mRNA levels were examined by Northern blot as a f unction of the postnatal development of the cerebellum. As shown in Figure 7 , the mrf-1 mRNA was detected at all postnatal days examined (P0 -28), although its level of expression varied dramatically. The expression level reached a peak at P7 and was then downregulated at later postnatal days. We then prepared a section of P7 rat cerebella and immunostained it with anti-MRF-1 antibody (Fig. 8) .
Most of the MRF-1-positive signals were detected in the white matter (WM) and/or internal granular layer (IGL). These MRF-1-positive signals did not overlap with GFAP-positive cells and were present in the interior of the calbindin-positive Purkinje cell layer (data not shown). Because the anti-MRF-1 antibody specifically recognizes microglia in the adult rat brain (see below) as well as in in vitro culture, it is thought that the distribution of MRF-1-positive signals in a cerebellar section suggests the presence of MRF-1-positive microglia. The immunohistochemical data with anti-MRF-1 antibody in P7 cerebellum is consistent with the finding that in the rat cerebellum, programmed cell death occurs most prominently at approximately P7 in these regions (Krueger et al., 1995) . These results indicate a temporally increased expression of mrf-1, suggesting the possibility that MRF-1 plays an important role in cerebellar development.
Localization of the MRF-1 antigen in ramified microglia and its upregulation after axotomy
In adult brain sections, the distribution of cells expressing MRF-1 and their morphology were examined by immunohistochemistry (Fig. 9A,B) . Immunostained cells were found in various brain regions. In the cerebellum, they were evenly distributed in the molecular layer, granular layer, and medullary zone (Fig. 9A) . Their cell bodies were spindle-shaped and contained an elongated nucleus (Fig. 9B) . From the cell body, a few thin processes extended in different directions and were further branched in the periphery. No significant staining was detected in any of the neuronal elements in the cerebellum and other brain regions. From the characteristic morphology, MRF-1 was judged to be localized in ramified or resting microglia in the adult normal rat brain. Changes after neuronal injury were experimentally examined by dissecting hypoglossal motor nerves at the hyoid bone. Five days after the axotomy, the ipsilateral hypoglossal nucleus displayed a prominent increase in mrf-1 mRNA (Fig. 9C,D) . The signals were detected in small cells around hypoglossal motoneurons having large cell bodies (Fig. 9E) . By immunohistochemistry, strong immunostainings were found in cell bodies and processes of activated microglia, which surrounded the injured neuronal cell bodies (Fig. 9F ) . In the contralateral hypoglossal nucleus, however, no significant changes were found in the levels of mrf-1 mRNA and MRF-1 immunoreactivity (Fig. 9C,D) . Moreover, cells with low mrf-1 mRNA and immunoreactivity in the contralateral nucleus were distributed evenly within the nucleus but not surrounded by neuronal cell bodies. These histological findings indicate that mrf-1 is expressed in ramified/resting microglia in vivo and that its expression is prominently upregulated in microglia activated by neuronal injury.
DISCUSSION
We searched for genes that are upregulated in the process of neuronal death of granule cells in cerebellar cell culture. In this study, we cloned one of these genes, mrf-1, which is a gene upregulated in response to granule cell death in microglia in vitro. In the developing cerebellum in vivo, mrf-1 mRNA was transiently increased in the early postnatal stages when cerebellar neurons and astrocytes undergo active degeneration. In adult brain sections, MRF-1 was detected in ramified /resting microglia, and upregulated in activated microglia surrounding injured central motoneurons by peripheral nerve dissection.
A homology search of the full-length mrf-1 sequence revealed ϩ medium to a serum-free, normal K ϩ medium ( B). At each day or hour indicated at the top of the autoradiograms, the cells were subjected to RNA isolation according to the guanidinium thiocyanate method. Total RNA (20 g) was run on a 1% agarose gel and transferred to a nylon membrane. 32 P-labeled mrf-1 or G3PDH cDNA was used as a hybridization probe. Both mrf-1 (0.7 kbp) and G3PDH (1.3 kbp) mRNAs were detected on the same membrane. The positions of the rRNA are indicated on the left. The amount of separated rRNA in each lane was almost equal when the transferred membrane was stained with methylene blue. the presence of three cognate genes that are expressed in macrophages or microglia: AI F-1 (Utans et al., 1995) , Iba-1 (Imai et al., 1996) , or BART-1 (Autieri et al., 1996) . The AI F-1 protein has the same amino acid sequence as MRF-1, although the 5Ј noncoding region of AI F-1 mRNA is shorter than that of mrf-1 (Utans et al., 1995) . Southern blots using AI F-1 cDNA as a probe have revealed a single band with a high intensity in rat genomic DNA (Utans et al., 1995) . It is thus likely that the difference between mrf-1 and AI F-1 mRNAs may reflect an alternative start site derived from a single gene. MRF-1 is different from the Iba-1 protein, which is also synthesized in microglia, in the upstream region containing the 5Ј noncoding region and some N-terminal amino acid sequences (Imai et al., 1996) . This indicates that, although the differences between these genes are small, they may be subject to differential regulation at transcriptional and/or translational levels. It is thought that these four genes, including BART-1, code for one EF-hand-like motif. Two or more EF-hand motifs are typical for the family of intracellular calcium-binding proteins that includes calmodulin and troponin C (for review, see Heinzmann and Hunziker, 1991) . They may be members of a calcium-binding protein family that has a single EF-hand motif. Nevertheless, mrf-1 was the first of four genes to show that it is a microglial gene responding to neuronal cell death.
The upregulated expression of mrf-1 in cerebellar cell culture was correlated with the degeneration of granule neurons. The increased expression of mrf-1 mRNA peaked in the 6 DIV cerebellar cells when the cells were cultured under conditions that allowed a limited proliferation of non-neuronal cells. An immunocytochemical analysis of the MRF-1 staining pattern revealed that the protein was synthesized in the microglia and was upregulated in response to neuronal degeneration. Compared with the mrf-1 mRNA level, which peaked at 6 DIV, the immunoreactivity of the MRF-1 peaked at 7 DIV under normal K ϩ conditions. The 1 d delay in MRF-1 synthesis may reflect the difference between the transcription and translation of mrf-1. When purified microglia were co-incubated with 5 DIV cerebellar cells under a sandwich culture in which the two cell populations were in contact with each other, MRF-1 in the purified microglia was upregulated. In contrast, when purified microglia were incubated with culturing medium obtained from a 5 DIV cerebellar cell culture, that is, conditioned medium of 5 DIV cerebellar cells, there was no effect on MRF-1 synthesis in the purified microglia. These data suggest that the upregulation of mrf-1 may require either cell-to-cell contact between microglia and degenerated neurons or secreted signals that are released from degenerated neurons or second stimulated non-neuronal cells (e.g., astrocyte) and lose their activity because of extreme diffusion.
What kind of role does MRF-1 play in neuronal apoptosis? It has been reported that microglia are rapidly activated and proliferate around damaged neurons in response to cerebral ischemia and peripheral neuronal injury (Svensson et al., 1993; Gehrmann , 1995) . It is generally accepted that activated microglia engage in phagocytotic activity to eliminate neuronal debris. Also, activated microglia upregulate the expression of several surface molecules [e.g., major histocompatibility complex (MHC) class I and II antigens], cytokines (e.g., interleukin-1, transforming growth factor ␤1), and cytotoxic substrate (e.g., reactive oxygen species, nitric oxygen). Some of these may contribute to repair of tissue or promotion of neuronal cell death. It is thought that cultured microglia is not in a resting state. In our culture system, mrf-1 mRNA was upregulated in microglia under the inhibitory conditions for cell proliferation. This indicates that MRF-1 may not be associated with the proliferational activity of microglia. Moreover, when fluorescein-conjugated particles were phagocytized to cultured microglia, not all of the fluoresceinlabeled microglia were MRF-1 positive. These data indicate that MRF-1 may especially be synthesized in microglia that are capable of recognizing signs of neuronal damage, and that the induction of MRF-1 is not directly related to phagocytotic activity in microglia. Phagocytosis is a complex and still poorly understood phenomenon (Savill et al., 1993) . The first phase of phagocytosis involves the specific recognition of the eliciting particle via the engulfment of one or multiple surface receptors and is followed by ingestion per se. It has been reported that six engulfment genes controlling at least two distinct and parallel processes have been identified by the genetic analysis of PCD-deficient mutants in C. elegans. Recently, it has been shown that ABC1 is required for the engulfment of corpses generated by apoptotic cell death in mouse macrophage, and ABC1 might be a mammalian homolog to ced-7, one of the engulfment genes of C. elegans (L uciani and Chimini, 1996) . It is possible that MRF-1 plays a role in the pathway that allows the recognition or incorporation of neuronal debris. This is further substantiated by the fact that MRF-1 is similar to AIF-1, which has a possible functional role in macrophage activation and function (Utans et al., 1995) . Taking into account the similarities between the two proteins, it is likely that these proteins are involved in a converged signal transduction cascade elicited by the recognition of tissues or cells. Utans et al. (1995) showed that the upregulation of AIF-1 occurs when cardiac allografts, but not syngrafts, are transplanted. This suggests that AIF-1 responds to the cells or debris of another species. In contrast, MRF-1 responds to the degenerated cells or debris derived from the same species. Another possible role for MRF-1 may be related to microglial cytotoxicity or the trophic effect for damaged neurons. We have found that the immunoreactivity of MRF-1 is localized to a limited cytoplasmic region of microglia in our cultures. The profile generated by the Kyte-Doolittle algorithm and others predicted a hydrophilic polypeptide having a single EF-hand motif without significant hydrophobic stretches. It is thus possible that MRF-1 functions as a signal-transducing molecule regulated by the level of intracellular Ca 2ϩ . It remains to be determined, however, whether Ca 2ϩ indeed binds to the EF-hand motif of MRF-1 and regulates the expression of the mrf-1 gene.
We also found that mrf-1 is expressed in resting microglia on adult rat brain to a lesser extent compared with the level in ameboid microglia. All the markers currently available to identify microglia including MHC class II, complement type 3 receptor, etc., are surface antigens located on the cell surface of microglia (for review, see Streit, 1995) . It is likely that the antibodies against MRF-1 offer a unique tool to identify the cytoplasm of microglia both in vivo and in vitro, although the exact function of MRF-1 remains to be resolved. E xpression of mrf-1 mRNA in a hypoglossal nucleus was prominently upregulated in microglia that surrounded injured neuronal cell bodies activated by dissecting hypoglossal motor nerves. It is thought that hypoglossal motor nerves degenerate, but do not die, after axotomy (for review, see Sevensson et al., 1993) . Activated microglia around axotomized motoneurons, at least, will not have a neurotoxic effect. When non-neuronal cells were thoroughly eliminated from cerebellar cell cultures in the presence of aphidicolin (see the Materials and Methods), granule cell death apparently proceeded with a time course similar to that in the standard culture. Moreover, we found that the supplement of cultured microglia to aphidicolin-treated cell cultures appeared to neither promote nor suppress the cell death of granule neurons under our culture conditions (data not shown). Thus, it is likely that the upregulation of mrf-1 per se is not causally connected with granule cell death but rather is probably secondary to this event.
We were able to show that mrf-1 mRNA increases temporally in the developing cerebellum of rats. In particular, the mrf-1 mRNA level peaks at P7. In the postnatal development of the cerebellum, differentiating granule cells migrate from the external granular layer (EGL) to the IGL and form synaptic contacts (Altman, 1972) . Granule neurons that do not have enough synaptic connections may be eliminated at this stage by an apoptotic mechanism. Analysis of pyknotic cells in the developing postnatal rat cerebellum have revealed that the majority of pyknotic cells are in the developing W M, where their number peaks at ϳP7, whereas those in the IGL peak at P10 (Krueger et al., 1995) . Moreover, it appears that 50 -70% of the pyknotic cells in the WM and IGL are astrocytes. The period of mrf-1 activation in the cerebellum corresponded to the time of apoptotic death of the astrocytes in the W M and /or IGL. It is possible that mrf-1 may respond to the death of astrocytes as well. The majority of neuronal cell deaths for the granule neurons in the rat cerebellum occur in the EGL at ϳ2-4 weeks postnatal. However, the number of pyknotic cells in the EGL is less than that of W M and/or IGL around P7 (Krueger et al., 1995) . For this reason, it is not clear that there is an upregulation of mrf-1 expression levels in response to the neuronal death in the EGL. The immunoreactivity of MRF-1 was also detected in the ramified /resting microglia in the adult rat brain. This expression of mrf-1 in the adult brain indicates that MRF-1 may have f unctions other than just the role it plays in cell death.
In summary, we have provided here evidence that a microglial gene, mrf-1, is upregulated in response to neuronal cell death and degeneration both in vitro and in vivo. The specific physiological function of MRF-1 is unknown, although it may possibly play a role both in developmental PCD and in recovery from brain injuries.
